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NUMERICAL SIMULATION OF THE FRACTIONAL1

FLOW RESERVE (FFR)2

Keltoum Chahour1,2, Rajae Aboulaich1,3,*,3

Abderrahmane Habbal2, Cherif Abdelkhirane4
4

and Nejib Zemzemi5,35

Abstract. The fractional flow reserve (FFR) provides an efficient quantitative assessment of the6

severity of a coronary lesion. Our aim is to address the problem of computing non-invasive virtual7

fractional flow reserve (VFFR). In this paper, we present a preliminary study of the main featuresQ18

of flow over a stenosed coronary arterial portion, in order to enumerate the different factors affecting9

the VFFR. We adopt a non-Newtonian flow model and we assume that the two-dimensional (2D)10

domain is rigid in a first place. In a second place, we consider a simplified weakly coupled FSI model in11

order to take into account the infinitesimal displacements of the upper wall. A 2D finite element solver12

was implemented using Freefem++. We computed the VFFR profiles with respect to different lesion13

parameters and compared the results given by the rigid wall model to those obtained for the elastic14

wall one.15
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1. Introduction18

Atherosclerosis is a chronic inflammatory disease that affects the entire arterial network and especially the19

coronary arteries. It is an accumulation of lipids over the arterial surface due to a dysfunction of this latter.20

The objective of clinical intervention, in this case, is to establish a revascularization using different angioplasty21

techniques, among which the implantation of stents is the most widespread. This intervention involves intro-

Q2

22

ducing a stent into the damaged portion in order to allow the blood to circulate in a normal way over all the23

vessels. Revascularization is based on the principle of remedying ischemia, which is a decrease or an interruption24

of the supply of oxygen to the various organs. This anomaly is attenuated by the presence of several lesions25

(multivessel disease patients), which can lead to several complications. The key of a good medical intervention is26

the fact of establishing a good diagnosis, in order to decide which lesion requires to be treated. In the diagnosis27
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2 K. CHAHOUR ET AL.

phase, the clinician uses several techniques, among which angiography is the most popular. Angiography is an28

X-ray technique to show the inside (the lumen) of blood vessels, in order to identify vessel narrowing: stenosis.29

Despite its widespread use, angiography is often imperfect in determining the physiological significance of coro-30

nary stenosis. If the problem remains simple for non-significant lesions (≤ 40%) or very severe (≥ 70%), a very31

important category of intermediate lesions must benefit from a functional evaluation which will determine the32

strategy of treatment [6].33

The technique of the fractional flow reserve (FFR) has derived from the initial coronary physical approaches34

decades ago. Since then, many studies have demonstrated its effectiveness in improving the patients prognosis,35

by applying the appropriate approach. Its contribution in the reduction of mortality was statistically proved by36

the Fractional Flow Reserve Versus Angiography for Multivessel Evaluation (FAME) study [16]. It is established37

that the FFR can be easily measured during coronary angiography by calculating the ratio of distal coronary38

pressure Pd to aortic pressure Pa. These pressures are measured simultaneously with a special guide-wire. FFR39

in a normal coronary artery equals to 1.0. FFR value of 0.80 or less identifies ischemia-causing coronary lesions40

with an accuracy of more than 90% [16].41

Obviously, from an interventional point of view, the FFR is binding since it is invasive. It should also be42

noted that this technique induces additional costs, which are not covered by insurances in several countries. For43

these reasons, it is used only in less than 10% of the cases.44

In this perspective, a new virtual version of the FFR, entitled virtual fractional flow reserve (VFFR), has45

emerged as an attractive and non-invasive alternative to standard FFR, see [12, 15]. However, there are key46

scientific, logistic and commercial challenges that need to be overcome before VFFR can be translated into47

routine clinical practice.48

Blood circulation is generated by the heart “pump” that produces consecutive contraction/relaxation move-49

ments. These movements are performed during what we call a cardiac cycle. It consists of two phases: the50

systole, that is the phase of contraction. It occupies about one third of the cardiac cycle. The diastole, during51

which the heart muscle relaxes and refills with blood. It lasts the two remaining thirds of the cardiac cycle.52

Assuming a healthy heart and a typical rate of 70–75 beats per minute, each cardiac cycle takes about 0.8 sec.53

A flow and pressure wave starts from the heart to cross all major arteries in which it is damped, dispersed and54

reflected due to changes in vessel sizes, as well as the properties of the tissues and branches. The two coronary55

arteries cover the surface of the heart and represent the first derivations of the general circulation, see Figure 1.56

1.1. Fractional flow reserve57

In order to provide a good estimation of the VFFR, a good understanding of the FFR technique as well as58

the various medical verifications preceding the test is required. In this section, we give details about the invasive59

FFR. The patient is initially placed in the supine position. To start the measure of the FFR the operator crosses60

the coronary lesion with an FFR-specific guide wire. This guide wire is designed to record the coronary arterial61

pressure distal to the lesion (Fig. 2 left). Once the transducer is distal to the lesion (approximately 20 mm), a62

hyperemic stimulus is administered by injection through the guide catheter, and here the FFR value is subject63

to a wide variation. The operator waits for few minutes so that the FFR value becomes constant, this value64

corresponds to the maximal vasodilatation.65

The mean arterial pressures from the pressure wire transducer Paortic and from the guide catheter Pdistal are66

then used to calculate FFR ratio: FFR = Pdistal/Paortic (Fig. 2 right).67

The pressure values given by the FFR instrument are calculated as temporal mean pressures over small68

time intervals, depending on the frequency of acquisition of the pressure sensor ps(t). Assuming that Tc is the69

duration of a cardiac cycle, these pressures are given as follows:70

P =
1

Tc

∫ Tc

0

ps(t)dt. (1.1)
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Figure 1. The coronary tree [19].

Figure 2. Left, represents schema of the invasive FFR technique [6]. Right, a typical example
of FFR measurement. Automated calculation of FFR corresponds to the ratio of mean distal
coronary pressure (green) to mean aortic pressure (red) during maximal hyperemia, see [14].

An FFR value lower than 0.75 indicates a hemodynamically significant lesion. An FFR value higher than 0.871

indicates a lesion that is not hemodynamically significant. Values between 0.75 and 0.80 are indeterminate and72

should be considered in the context of patient’s clinical history to determine if revascularization is necessary.73

Modeling and simulation of blood flow have attracted a lot of attention. A realistic modeling of blood velocity74

and pressure is mandatory in view of virtual design and analysis of the performance of some medical devices,75
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such as heart valves, filters and stents, on one hand. On the other hand, it provides clinicians with a set of76

non-invasive and reliable tools to guide the diagnostic phase.77

In this paper, we aim at presenting a preliminary two-dimensional (2D)-based study to understand the flow78

distribution in a stenosed coronary artery and to enumerate the factors that affect the value of the VFFR. We79

give a special concern to the influence of the lesion’s parameters.80

Since we are interested in studying the flow in the coronary arteries, we decided to use a non-Newtonian flow81

model like in [3] and [2]. In fact, the coronary arteries have a small caliber (0.5 cm) compared to the aorta for82

example, where the use of non-Newtonian flow model is not really crucial. In a first place, we assumed that the83

arterial wall is rigid. This is justified by the fact that the FFR value taken into account by the clinician during84

the test is established into a domain corresponding to the maximal vasodilation.85

In a second place, we considered a simplified weakly coupled fluid–structure interaction model to include the86

arterial wall elastic behavior, as presented in [7]. The coronary arteries are subject to two different displacements:87

– Large displacements: Since they are partially attached to the myocardium, they are directly influenced by88

the myocardium contraction/relaxation, and by the movements induced by the respiratory system.89

– Small displacements: Due to the propagation of the blood wave generated by the heart pulse.90

In this work, we chose to restrain our study to the small displacements. Moreover, only the upper face of the91

arterial portion is involved since the lower one is fixed (glued to the myocardium), see [9]. We also assume that92

the displacements of the shell are infinitesimal. As for the boundary conditions, even if their choice is crucial for93

this kind of studies, we decided to make few simplifications in order to be able to address the problem. At the94

inlet, we impose a sinusol wave function to illustrate the pulsatile property of the flow, as in many works [8], [7]95

and [9]. At the outlet, we assume that the vessel following the portion of interest is long enough before getting96

to the small tissues, or having a change in the vessel caliber, so there is no resistance effect. This justifies the97

choice of natural outlet boundary condition.98

We implement from scratch, within the FreeFem++ environment, a finite element solver for both the gen-99

eralized flow model and the coupled arterial wall/blood flow model. To describe the 2D mobile domain, we100

used an Arbitrary Lagrangian–Eulerian (ALE) coupling scheme. Like in [9], we proceed by decoupling the prob-101

lem into two parts: solid and fluid, while introducing coupling boundary conditions at the interface. We then102

introduce and implement an algorithm for computing the VFFR following the industrial manufacturer protocol103

for the analogic FFR estimation. Using the solvers, we lead a study of the VFFR with respect to the stenosis104

dimensioning parameters (degree of stenosis and lesion radius).105

In this study, our goal is to provide a first estimation of the coronary fractional flow reserve VFFR in106

a simplified 2D geometry. We conduct different simulations in order to identify the impact of the lesion’s107

parameters on the value of VFFR. In Section 1, we present the non-Newtonian flow model used to carry all108

the simulations, as well as the boundary conditions. In Section 2, we give some numerical results considering109

that the arterial portion is rigid. The flow and pressure distributions are given in two different geometries: a110

single stenosis case (presence of only one lesion), and a multi-stenosis case. In these two configurations of the111

domain, we plot VFFR variations according to some parameters of influence: degree of stenosis, lesion’s radius112

and the spacing between the two lesions in the multi-stenosis case. In Section 3, we present the fluid–structure113

interaction model, and the different VFFR variations corresponding to it.114

2. Generalized non-Newtonian flow model115

In large arteries, blood flow can be modeled by the Navier–Stokes equation. In our case, the blood cannot116

be assimilated to a Newtonian fluid, since the coronary vessels caliber is very small (0.5 cm). We choose a non-117

Newtonian flow model, as in [3]. The mathematical model was studied in [3] and authors proved the existence118

of a solution to this type of problems. In this paper, we are more interested in giving a bi-dimensional based119

estimation of the VFFR on the one hand. On the other hand, we lead different simulations, in order to explore120

the impact of the plaque’s characteristics on the velocity and pressure fields.121
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We consider the Carreau law and we suppose that the viscosity varies as a function of the second invariant122

of the deformation tensor s(u):123

(s(u))2 = 2Du : Du = 2
∑
i,j

(Du)ij(Du)ji, (2.1)

with:124

Du =
1

2
(∇u+∇Tu). (2.2)

Following the Carreau law, µ is given by:125

µ = µ∞ + (µ0 − µ∞)(1 + (λs(u))2)(n−1)/2, (2.3)

where µ0 = 0.0456 Pa.s and µ∞ = 0.0032 Pa.s, are the values of the viscosity for the lowest and highest shear126

rates. λ = 10.03 s and n = 0.344.127

The problem considered involves the blood velocity u = (u1, u2) and pressure p defined in Ωf × (0, Tc) as128

follows (the considered domain Ωf is shown in Fig. 3):129

{
ρf
∂u

∂t
+ ρf (u.∇)u−∇.(2µ(s(u))Du) +∇p = 0, sur Ωf × (0, Tc)

∇.u = 0, sur Ωf × (0, Tc)
(2.4)

where ρf is the blood density, we impose ρf = 1060 kg.m−3 like in [3, 7].130

These equations are completed with the following boundary conditions on Ωf (n is the normal):131

2µ(s(u))Du.n− pn = h, sur Γin × (0, Tc), (2.5)

2µ(s(u))Du.n− pn = 0, sur Γout × (0, Tc), (2.6)

u = 0, sur Γω1
∪ Γω2

× (0, Tc). (2.7)

The blood flow is initially at rest and enters the vessel by the left side Γin where a sinusol pressure-wave132

with a maximum Pmax = 104 Pa is prescribed during T ∗ = 5.10−3 sec. The wave’s profile is set equal to a stress133

vector of magnitude h, oriented in the negative normal direction given by the equation:134

h =

{
(Pmax × (1− cos(2πt/T ∗)), 0)t, x ∈ Γin, 0 ≤ t ≤ T ∗
(0, 0)t, x ∈ Γin, T

∗ ≤ t ≤ Tc.
(2.8)

135

136

We consider that the fixed geometry at t = 0 corresponds to a maximal vasodilation.137

The outflow is the right boundary Γout where a zero pressure is imposed. A no-slip condition is enforced on138

the lower and upper boundaries Γω1
and Γω2

, which assume that the fluid is not moving with respect to these139

boundaries.140
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Figure 3. Considered geometry for the problem.

The initial condition is the solution of a steady Stokes problem with a Poiseuille flow profile at the inlet,141

given by the following equation:142

u0(y) = u0m × y/H × (1− y/H), (2.9)

where u0m = 0.4 m/s.143

Arterial coronary plaques present a large variability in their configuration. We chose a simplified axisymmetric144

2D configuration in order to address our problem, following [9]. The shape of the plaque in this case is modeled145

as a sinusol function:146

ωs(x) =

{
D × cos(π(x− xs)/2 ∗ δ) if xs − δ < x < xs + δ
0 otherwise.

(2.10)

147

148

We consider a portion of a length L = 60 mm from the diseased artery. The lumen diameter is considered149

equal to H = 5 mm (coronary artery). The plaque is assumed to be 100% eccentric and it is characterized by150

three parameters: D the height of the plaque, xs the position of the center of the plaque and 2× δ its length.151

R = D/H indicates the degree of stenosis, it varies by changing the value of D, see 3.152

The variational formulation of the problem can be written as follows:153

ρf

∫
Ωf

∂u

∂t
vdx+ (Au, v) + ρfb(u, u, v) =

∫
Γin

hvdσ +

∫
Γω1

gvdσ, ∀v ∈ V

u(0) = u0, sur Ωf

(2.11)

with:154

(Au, v) =

∫
Ωf

2µ(s(u))Du : Dvdx, (2.12)

b(u, v, w) =

2∑
i,j=1

∫
Ωf

ui
∂vj
∂xi

wjdx. (2.13)

Simulations are performed using the finite element solver Freefem++, based on a semi-implicit time discretiza-155

tion scheme. Fluid velocity and pressure are calculated at each time step. A comparison with the Newtonian156
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Figure 4. Left, velocity and pressure field with Navier–Stokes equation at time t = 0.3 s. Right,
velocity and pressure field with the generalized flow model at time t = 0.3 s.

flow is established for both the blood velocity and pressure. The time step is δt = 5.10−3 s and the duration of157

a cardiac cycle is Tc = 0.8 s. Five consecutive cardiac cycles were simulated to ensure that the flow was truly158

periodic. To confirm the independence of the numerical solutions on the space discretization, computations were159

repeated for different mesh sizes.160

In order to visualize the impact of the plaque’s characteristics on the flow over the diseased portion of the161

artery, the degree of stenosis R varies from 40% to 70% (focusing only on the intermediate lesions). The plaque’s162

radius also varies from 2.5 mm to 5 mm. Since the presence of many lesions is clinically frequent, we have also163

considered a geometrical model with two plaques to get an estimation of the velocity and pressure field variations164

in this case.165

3. Numerical results166

3.1. The case of single stenosis167

The simulation of blood flow in the presence of stenosis in a 2D geometry has been the subject of several168

works [3, 9, 10]. These works were based on the Navier–Stokes model and the arterial wall was considered to be169

rigid. In our work, we consider a non-Newtonian flow model, as in [3]. In this first simulation, the arterial wall170

is considered to be rigid. In Figure 4, we give velocity and pressure distribution using Navier–Stokes model,171

in a first place, and using the generalized flow model in the second. The length of the plaque is 10 mm, and172

the degree of stenosis is 40%. Velocity arrows show the flow profile across the portion of the vessel. We can see173

reverse flow on the distal side of the plaque. Severe stenosis leads to high flow velocity, high pressure at the174

throat of the lesion, and a large re-circulation region distal to it.175

For the calculation of the VFFR ratio, the aortic pressure Pa is calculated at each time step by the spatial176

mean pressure of the nodes at 1 cm from the inlet of the vessel: xa = 1 cm. Whereas the distal pressure Pd177

is obtained at 1 cm after the lesion: xd = xs + 1 cm. Then a temporal mean is performed during the cardiac178

cycle: mean Pa and mean Pd are then used to calculate the VFFR ratio. The following setting (Fig. 5) describes179

the approach.180

In order to take into account the time variations in the value of the VFFR, this value is calculated during181

5 consecutive cardiac cycles. We notice that starting from the third cardiac cycle, this value becomes constant.182

The VFFR takes values in the neighborhood of 0.67 for a lesion with a degree of stenosis equal to 75%.183

The following graphic (Fig. 6) gives the variation of the VFFR during the five cardiac cycles.184

For all the graphics in the next sections, the VFFR value considered is calculated during the third cycle of185

the simulation. The two preceding cycles are run in order to reach stable pressure distribution.186
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Figure 5. FFR calculation. In this case, the degree of stenosis is equal to 40% and the VFFR
is equal to 0.81.

Figure 6. VFFR variation during 5 cardiac cycles for a lesion with 75% stenosis.

The following figures give the aortic pressure Pa, the distal pressure Pd and the VFFR respectively according187

to the degree of stenosis (Fig. 7 left) and the plaque’s radius (Fig. 7 right).188

The most common parameter considered to evaluate the significance of a lesion is the degree of stenosis.189

However, the lesion length (or radius) is also significant for this evaluation, especially when the degree of stenosis190

is in the intermediate value range [11]. The linear regression models presented in [11] give the correlation between191

the FFR value (obtained after the invasive test) and different plaque’s parameters. Particularly, the lesion radius192

and the degree of stenosis were considered. The graphics given in paper [11] were obtained from a statistical193

study of medical data. The results in Figure 7 cannot be quantitatively compared to those presented in this194

paper; however, we can see qualitatively that the graphics have approximately the same trend.195

Figure 8 shows the simulated VFFR corresponding to different values of the lesion radius according to the196

degree of stenosis. We can note from this figure that the curve describing the VFFR according to the degree197

of stenosis changes with the value of the lesion’s radius. Thus, there is an important change in classification,198

especially for the lesions with a degree of stenosis lower than 45%. For example, for a degree of stenosis of 40%,199

VFFR value is equal to 0.82 in the case of a lesion’s radius of 0.25 cm, and to 0.75 in the case of a lesion’s radius200

of 0.5 cm. As a consequence, there is a change in the lesion’s classification from not hemodynamically significant201

to hemodynamically significant.202
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Figure 7. Left, Pa, Pd and VFFR variation according to the degree of stenosis R. Right, Pa,
Pd and VFFR variation according to the lesion radius δ.

Figure 8. VFFR variation for lesions with different radius according to the degree of stenosis.

Figure 9. Top, velocity and pressure field corresponding to identic lesions of 40% stenosis,
with a spacing ‘a’ of 0.5 cm. Bottom, velocity and pressure field with a spacing ‘a’ of 1.5 cm.

3.2. Mutli-stenosis case203

In the case of a multi-stenosis diseased patient, many lesions might be considered in the arterial wall. The204

following figures describe the blood velocity and pressure in this case.205

The distance between the two lesions influences the flow, and particularly the micro-circulation downstream206

of the stenosis. Thus, the values of the VFFR obtained in the two cases given in Figure 9 are different, even207



U
nc
or
re
ct
ed

P
ro
of

10 K. CHAHOUR ET AL.

Figure 10. Left, Pa, Pd and VFFR variation according to the degree of stenosis R in the case
of multiple stenoses. Right, Pa, Pd and VFFR variation according to the lesion radius δ in the
case of multiple stenosis.Q3

Figure 11. VFFR variation in the case of two identic lesions, with different spacings according
to the degree of stenosis.

Figure 12. Pressure profile with the fluid–structure interaction model.

if the lesion is somehow similar. The VFFR obtained for a spacing of 0.5 cm is equal to 0.73, while the VFFR208

with a spacing of 1.5 cm is equal to 0.81.209

4. Coupling scheme: fluid–structure interaction210

To achieve more realistic simulations, we consider the fluid–structure interaction between the arterial wall211

and the blood. We assume that the displacements of the shell are infinitesimal, and that only the upper face212
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Figure 13. Left, Pa, Pd and VFFR variation according to the degree of stenosis R using the
fluid–structure interaction model. Right, Pa, Pd and VFFR variation according to the lesion
radius δ using the fluid–structure interaction model.

Figure 14. VFFR variation using the fluid–structure interaction model according to the degree
of stenosis.

of the arterial portion is able to move. In a first place, a generalized linear Koiter model is adopted for the213

structure, as in [8]. In this case, the arterial wall is a 1D layer with a thickness ε.214

The problem is to find the solid vertical displacement η and the solid vertical velocity η̇ = ∂tη of the solid215

such that:216 
ρsε∂tη̇ − c1∂2

xη + c0η = −σ(u, p)n.n overΓω1 × (0, Tc),
η̇ = ∂tη over Γω1

× (0, Tc),
u.n = η̇, u.τ = 0 over Γω1

× (0, Tc),
η = 0 over ∂Γω1

× (0, Tc).

where:

σ(u, p) = −pI + 2µ(s(u))Du.
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u and p are respectively the fluid velocity and pressure, solutions of problem (2.4). ρs = 1.1 is the solid density.217

c1 and c0 are defined by: c1 = Eε
2(1+ν) and c0 = Eε

R2(1−ν2) , solid thickness ε = 0.1, Young modulus E = 0.75× 106
218

and Poisson coefficient ν = 0.5.219

The fluid–structure interaction model gives different results compared to the one with rigid boundaries220

(presented in Sect. 2). Therefore, we obtain different values for the VFFR. It should be expected that this221

model gives better values since it is more adapted to the physiology of the arterial wall. However, to validate222

the values obtained using this model, we should consider a realistic geometry, reconstructed from clinical images.223

5. Conclusions224

In this paper, we led different simulations to study the flow through a sclerotic artery. Firstly, we considered225

a generalized flow model in a fixed 2D domain. We assumed that the initial configuration of the domain226

corresponds to the maximal vasodilation of the portion of interest. Our purpose was to give a first estimation227

of the VFFR. We studied the variation of the VFFR with respect to some lesion’s parameters: the degree of228

stenosis and the lesion’s radius in the case of a single stenosis. In the case of multi-stenosis (the presence of229

two parallel lesions), we also studied the VFFR variations according to the distance between the two lesions,230

since this value also modifies the blood circulation through the diseased portion. Secondly, we introduced a231

generalized fluid–structure interaction model, in order to take into account the infinitesimal displacements of232

the upper arterial wall. Large displacements due to the myocardium movements were not considered. Each one233

of these models: rigid and elastic has a particular importance in the quantification of the VFFR. In medical234

practice, it is not the degree of stenosis that modifies the FFR value, even if this parameter is dominant to judge235

the severity of a lesion. But it is the coronary micro-circulation downstream of the stenosis and its importance236

that must impact the FFR. This micro-circulation depends not only on the shape of the plaque (flattened, large,237

sharp...), but also on the flow and the wall properties as well. The VFFR model presented in this paper is able238

to take into account modifications of the shape of the lesions, through certain parameters on the one hand. On239

the other hand, it is able to take into account/or not the elastic behavior of the upper wall. We highlight that240

the rigid model, fitted with patient-specific flow parameters, can give useful VFFR estimation in the case of241

non-viable vessels, while the elastic model, in general, is supposed to be more adapted to estimate the VFFR.242

The values of VFFR obtained by this model are certainly different from those obtained by the rigid one. This243

could be explained by the fact that the elastic property of the upper wall compensates the over-pressure before244

the lesion and thus modifies the pressure distribution in the whole domain.245

The numerical results for the VFFR presented in this paper are not yet clinically usable. However, the aim246

is to enumerate some of the factors influencing the FFR value and to insist on the necessity of going beyond247

the degree of stenosis in the evaluation of a lesion. In this view, from the comparison between the Figures 8 and248

14 we can conclude that the VFFR decreases with the degree of stenosis for both rigid and elastic models. As249

for the lesion’s radius, it influences the VFFR in the rigid model only for lesions with a degree of stenosis lower250

than 60%. Beyond this value, the VFFR is not subject to a big change using this model. On the contrary, for251

the elastic model, the lesion’s radius influences the VFFR for lesions with degree of stenosis higher than 50%.252

The geometry of the lesion, dimensioned by the two parameters: R the degree of stenosis and r the lesion’s253

radius, affects the flow through the lesion, and depending on whether the domain is rigid or elastic, the pressure254

distribution is modified, and the VFFR variation as well.255

Our aim for future works is to compare the results from modeling with in vivo measurements recorded during256

an interventional procedure based on 2D or 3D geometries issued from image reconstruction techniques. There257

are different approaches to reconstruct 3D vessels from 2D images. The most widespread are those that are258

based on images corresponding to different slices of the 3D object: mainly CT scans or MRI. Another 3D259

reconstruction technique is based on different projections of the 3D vessel, issued from 2D angiography, like260

presented in [12] and [18]. The choice of suitable conditions is crucial in order to obtain a good estimation of261

the VFFR. In this work, we chose simplified boundary conditions. Various studies have tackled the problem262

of boundary conditions in the case of blood flow like [13], [8] and [17]. In the case of complex geometries, or263

3D domains reconstructed from medical imaging, there are several evacuations. This produces a resistant effect264
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at the exit due to the change in the vessels caliber, bifurcations and the variation in the properties of the265

wall. Therefore, the boundary conditions based on impedance and resistance models, commonly known in the266

literature as the Winkessel effect [4], are the most adapted to incorporate this reflected wave effect into the267

model [17].268

The goal of this prospective study is to obtain a mathematical model integrating measurable clinical param-269

eters with simulation performances which gives a very close estimation to the realistic FFR measure. The270

validation method of this calculation usually consists on matching the values resulting from simulation with271

those of the clinical invasive FFR test. That gives rise to a statistical study, as in [12] and [11]. Finally, FFR272

simulation in the cath lab could be a helpful tool for cardiologists, since it provides essential information during273

the coronary intervention. For this reason, FFR simulation should help in improving decision making as well as274

the prognosis of patients.275
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